Introduction
Bernard-Soulier syndrome (BSS) is a rare inherited form of macrothrombocytopenia characterized by a defective platelet von Willebrand Factor (vWF) receptor. 1 This complex comprises 4 different subunits, the glycoproteins (GPs) Ibα, Ibb, IX, and V, belonging to the family of leucine-rich repeat (LRR) proteins. The major component, GPIbα (CD42b), contains eight LRR, 2 all but the second of which are characterized by a consensus sequence with a conserved asparagine (N) in the sixth position. 3 Mutations of these GPs have been recognized as being responsible for different forms of classical (recessive) or autosomal dominant BSS. Many different GPIbα gene mutations have been described so far, leading to amino acid substitutions or stop codons, often occurring after frameshifts producing aberrant proteins. 1, [4] [5] [6] [7] [8] [9] [10] Biallelic mutations causing a stop codon are generally responsible for the absence of the protein from the platelet surface. In some cases, the truncated protein lacks transmembrane anchoring and is retrievable as a soluble protein fraction. 7, 8 Other BSS mutations are biallelic or monoallelic single base variations responsible for various amino acid substitutions. BSS patients expressing a mutated protein usually have an impaired capacity to bind natural receptor ligands and/or anti-CD42b monoclonal antibodies (mAbs). 3 GPIbα interactions with its ligand play an important part in proplatelet formation. The megakaryocytes (MK) of BSS patients with the monoallelic Bolzano mutation reveal quantitative and qualitative tubulin distribution abnormalities that affect proplatelet formation in vitro, contributing to macrothrombocytopenia.
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Design and Methods
The study followed the guidelines approved by our local ethical committee (Prot. n. 1192P) and patient consent was obtained in accordance with the Declaration of Helsinki. The patient also gave his approval to the publication of the present paper.
The patient is a 32-year old man with Klinefelter syndrome (XXY genotype) born of blood-related parents (2 nd generation). He has had a life-long history of thrombocytopenia (39¥10 9 /L by automatic count, 51¥10 9 /L by manual count; 50% giant platelets), diagnosed as idiopathic thrombocytopenic purpura (ITP) at the age of one year, when he underwent surgery for ventriculo-peritoneal shunting for endocranial hypertension secondary to Klinefelter-related hydrocephalus. No complications were recorded during or after the procedure, but the A A386G biallelic GPIbα gene mutation with anomalous behavior: a new mechanism suggested for Bernard-Soulier syndrome pathogenesis patient was given prophylactic platelet concentrate transfusions. In adulthood, the patient refused steroid treatments or splenectomy. The patient shares a thalassemic trait with his mother and sister. None of his family members consented to the study. As for his medical history, the patient only reported a mild hemorrhagic diathesis with occasional epistaxis, and no hematologic abnormalities other than those relating to the thalassemic trait. Platelet-rich plasma (PRP) was prepared and processed from patient and healthy controls as previously described. 6 Ristocetin-induced platelet agglutination (RIPA) at 1.2, 1.5 and 2 mg/mL was conducted on PRP according to the Born method, as already described 6 Platelet agglutination values were expressed as percentage differences between the light transmission of PRP (0%) and PPP (100%) in patients and controls.
For the flow cytometric study, 22.5 mL of PRP were incubated with monoclonal antibodies (mAbs) in a 25 mL final reaction volume for 15 min at room temperature. Appropriate normal and isotopic controls were set for each experiment, carried out as described previously. 7 DNA extraction, amplification and sequencing of the GPIbα gene were performed as explained elsewhere, 6 using the primer sets published by Savoia et al. 12 Platelet lysate analysis by Western blot (WB) was carried out as previously described. 7 The features of the mAbs used for flow cytometry and WB 13 are available in the Online Supplementary Appendix, along with details of cDNA analysis.
Differentiation of MKs from patient's peripheral blood and proplatelet formation (PPF) evaluation was carried out as previously described. 11, 14 The MK yield and PPF were evaluated at the end of the culture as reported in detail elsewhere. 11 Briefly, MKs were identified on the basis of CD41 expression and assigned to distinct stages of maturity according to standard morphological criteria. 15 MKs forming proplatelets were identified as large CD41 + cells extending α-tubulin-positive, filament-like structures. Details are available in the Online Supplementary Appendix.
Specimens mounted in Mowiol 4-88 were observed with an Axioscope 2 Plus microscope (Carl Zeiss, Gottingen, Germany) using a 63/1.25 or 100/1.30 Plan Neofluar oil-immersion objective.
For computational analysis data, we submitted both the wildtype and the mutated sequences to the web-based program ESEfinder 3.0 (http://rulai.cshl.edu/tools/ESE). 16 Matrices and thresholds used are available in the Online Supplementary Table S1 .
Results and Discussion
Platelet agglutination was absent in response to ristocetin (RIPA) at 1.2, 1.5 and 2 mg/mL.
Compared to normal controls, flow cytometry analysis showed increased membrane expression of CD41, consistent with their larger size. Conversely, the anti-GPIbα mAbs signal was nearly absent for both the SZ2 and the LJIb1 clones, directed against different N-term epitopes. Finally, GPIX expression was slightly reduced ( Figure 1A ). CD49b expression, PAC-1 or anti-CD62P binding before and after ADP stimulation were normal (data not shown).
Genetic analysis on GPIbα gene (annotations refer to GeneBank nucleotide sequence gi:3668108; Accession number: AC004771) revealed a single base mutation, c.386A>G substitution (Online Supplementary Figure S1 ), supposed to cause a p.N110D replacement in the fourth LLR of GPIbα. The biallelic condition of the mutation is hypothetic, due to the unavailability of the patient's relatives' DNA samples, but it is strongly suggested by the strict consanguinity of his parents.
Analysis of the entire coding region in our patient revealed the following polymorphic set: -5 T/T; HPA2 a/a and VNTR c/c allele with a synonymous C>T substitution at T419 codon in the second VNTR repeat, seldom found in the normal population. GPIbb and GPIX coding regions were not mutated (data not shown).
WB analysis was performed on total platelet lysates using both samples from healthy and monoallelic Bernard-Soulier N41H patients as controls. Regular bands of GPIbα were present at about 120 kilodalton (kDa) in the healthy controls and in the BSS N41H, as expected from a single amino acid substitution N41H. 7 On the contrary, GpIbα expression was markedly decreased in platelet lysates from our patient. Compared to the healthy control, GPIbb was absent whereas a band correspondent to GPIX (22Kd) was visible, albeit significantly reduced ( Figure 1B) .
Absence of free GpIbb in our blot analysis does not necessarily rule out the possibility that the glycoprotein may still be present in a complex with GpIX. To test this hypothesis, we studied the reactivity of the monoclonal antibody SZ1 in our patient. This antibody recognizes a conformational epitope on GPIX generated as a consequence of the interaction between GpIbb and GpIX. 17 As shown in Online Supplementary Figure S2 , the antibody was able to detect a band corresponding to the GpIX-GpIbb complex (47 KDa) in the healthy control and in the BSS N41H control, whereas the same band could not be visualized in our patient. However, using the same conformational antibody, a faint band corresponding to the full GpIb/GpIX (161 kDa) complex was visible instead. Therefore, residual GpIbb appears to be able to make complexes and generate conformational changes in GpIX only in the presence of residual GpIbα (Online Supplementary Figure S2) . These data suggest that severe reduction of GpIbα, as in our case, is associated to degradation of GpIbb.
To establish whether the dramatic reduction of GPIbα protein was due to a transcriptional or a translational impairment, we studied the mRNA from MKs. The retrotranscription demonstrated the absence of the GPIbα mRNA in our patient, while the expression of the house- keeping gene was normal both in patient and control ( Figure 1C) . Overall these data demonstrate that the c.386A>G substitution leads, surprisingly, to the disappearance of the mature transcript in MKs, thus explaining the virtual absence of GPIbα protein as seen from flow cytometry and WB analysis. In order to further characterize this mutation, the sequence surrounding the nucleotide substitution was investigated for the presence of any element involved in the recruitment of the splicing machinery (other than the canonical splice sites), and exon splicing enhancer (ESE) motifs in particular. 16, 8 ESE motifs are short sequences of coding exons required for efficient splicing and splice site recognition. To establish whether the mutation might involve putative ESE, we submitted both the wild-type and the mutated sequences to the web-based program ESE finder 3.0 (http://rulai.cshl.edu/tools/ESE). 16, 17 The c.386A>G mutation dramatically affects an ESE motif "CTTCAAC" predicted to be a SRp40 binding site. This motif is predicted in the wild-type exon with a score of 3.19791, while the prediction disappears completely in the mutant exon (Table 1) .
Additional studies were carried out on MK cultures. As shown in Figure 2 , and in agreement with our data in platelets, control-derived MKs expressed both GPIIIa (CD61) and GPIbα, whereas patient-derived MKs expressed GPIIIa, but not GPIbα, on the surface. We also demonstrated that the c.386A>G mutation does not affect MK differentiation or maturation as the immunomorphological evaluation of cultured peripheral CD45 + blood progenitors revealed no difference in the percentage of CD41 + cells between patient and controls (Online Supplementary  Table S2 ). As expected, mature MKs from patient's peripheral blood reseeded in fresh medium did not extend any proplatelets as compared to controls that regularly did (Online Supplementary Figure S3) . The same results emerged when patient-derived MKs were allowed to adhere to fibrinogen or VWF (data not shown). Finally, as seen for the controls, the patient-derived MKs did not extend any proplatelets adhering to type I collagen, while around 20% of them underwent cytoplasm reorganization and spreading (data not shown).
A mutated GPIbα is a very common defect in the classical forms of BSS and its variants. The GPIbα gene mutations described to date are small deletions, single nucleotide insertions, and missense or nonsense substitutions, all resulting in sequence variations or premature stop codons.
The patient described in this paper had a severe macrothrombocytopenia with mild hemorrhagic diathesis, identified during routine analyses and classified as ITP in childhood. When the patient came under our observation, his parents' consanguinity, the early onset of the disease, and the high number of macrothrombocytes prompted us haematologica | 2011; 96(12) to search for an inherited macrothrombocytopenia. The absence of RIPA pointed to a diagnosis of BSS which was confirmed by flow cytometry, immunofluorescence and WB analysis, all showing the severe reduction of GPIbα protein on the platelet surface and lysates. The WB analysis showed that also GPIbb expression was virtually absent in the patient, whereas GPIX band resulted only slightly reduced. Based on these findings, we hypothize that the defect of GPIbα is indirectly responsible for the GPIbb altered maturation process and early degradation. This impairment does not seem to affect the GPIX to the same extent, as flow cytometry and WB analysis showed only a slight reduction in this subunit.
Therefore, in our patient the GPIb/V/IX complex assembly is severely defective, a finding that is in agreement with the absence of a severe bleeding diathesis, as we have already reported. 6 GPIbα gene sequencing showed a homozygous c.386A>G substitution in the first base of the codon encoding the asparagine (N) 110. The effect of this point mutation would theoretically be to substitute the amino acid 110 from N to aspartic acid (D), rather than affect the protein expression level. To better understand the mechanisms responsible for the protein's disappearance, mRNA expression was analyzed. The low number of platelets from the patient and the contamination of the RNA preparation by lymphocytes prevented us from studying the platelet RNA directly, so we performed the analysis on cultured MK RNA. The RT-PCR showed that in the patient the GPIbα transcript was undetectable, implying that GPIbα mRNA is either not produced in the MK cytoplasm or that it is unstable. Recently, Savoia et al. used in silico analysis to explore whether a p.N110D substitution heavily destabilizes the protein folding. 19 Our data on mRNA, together with WB on total lysates, are more consistent with an instability and/or anomalous maturation of the GPIbα mRNA as being responsible for the quantitative defect of the protein.
MK cultures also confirmed the virtual absence of the GPIbα protein on the MK surface. The c.386A>G mutation does not affect the MK maturation process, but only their capacity to extend proplatelets, confirming that a normal GPIbα is required for platelet formation. 11 A thorough understanding of the mRNA instability mechanisms responsible for the behavior of the protein is beyond the scope of this report and deserves more accurate expression studies, but we tried to design a hypothetical scenario using computational analysis to compare the mutated and normal RNAs. GPIbα is a gene comprising 2 exons, the first being a non-coding exon. ESEfinder web tool analysis showed that the described mutation can dramatically affect a "CTTCAAC" ESE sequence motif, thought to be a SRp40 binding site, predicted in the wild-type exon with a score of 3.19791. The prediction disappears completely in the mutant exon. SR proteins form a family of splicing factors with RNA recognition motifs. 20 ESE disruption has been linked to several genetic disorders and the disruption of this ESE motif might be responsible for exon skipping and the production of an aberrant or unstable transcript. Although there are examples in the literature supporting this interpretation, we believe this hypothesis needs to be investigated experimentally. [21] [22] [23] GPIbα mRNA degradation as a consequence of the protein unfolding may also explain our finding. 24 However, the lack of protein accumulation in platelet total lysates and MK, demonstrated with different mAbs clones of antiGPIbα, makes this mechanism unlikely in our case.
Moreover, the GPIbα impaired expression is in part accountable also for the anomalous expression and/or maturation of GPIX and GPIbb. Our data on GPIbb apparently do not agree with previous reports suggesting that absence of GpIbα does not affect the generation of GpIbb/GpIX complexes. However, these data deriving from transfected cellular systems may not entirely mimic physiological conditions. On the contrary, our results are more consistent with previous experimental data on platelets, showing almost complete absence of GpIbb in a case of mutation generating a GpIbα truncated form, 9 again suggesting a protective role of GpIbα toward GPIbb stability. The fact that in the cited report the defective GpIbα was still produced in considerable amounts in platelet cytoplasm may explain the presence of residual GPIbb compared to our patient in whom GpIbα, present only in traces, could not exert its protective role adequately.
In conclusion, we suggest that the c.386A>G homozygous mutation of GPIbα gene could be responsible for an altered mRNA maturation leading to a nearly undetectable level of the protein in patient platelets and to a clinical BSS phenotype even without introducing a stop codon in the protein sequence. 
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